Printer Friendly Version 



Page 1 of 4 



electronic 
design 



The Authority on Emerging Technologies for Design Solutions 

| Enter Search Term © |Enter ED Online ID <35 Advanced Search ] Help 



electron! 



Home | Latest Articles I^Back Issues j Find Power Products j Design FAQs | eBooks | Bob Pease 
Ideas for Design | Design Briefs | Basics of Design | Webcasts | White Papers | Web Exclusives | RoHS | C 



electn 




[Pease Porridge] 

What's AH This Sallen-Key Stuff, Anyhow? 



Bob Pease 

ED Online ID #13480 

September 28, 2006 



Copy ri ght © 2006 Penton Media, Inc., All rights 

reserved. 

Printing of this document is for personal use only. 



Recently, people in various publications have been pointing out that 
using an ordinary op amp in a Sallen-Key filter can cause problems. A 
typical op-amp circuit, as shown in Figure 1 , can have a frequency 
response that rolls off nicely above 1 kHz, at 12 dB per octave, down to ? 
40 or ?50 dB. Then the response may roll back up or stay flat at higher 
frequencies. 

If you choose a fast op amp with high l b , you might choose low values for 
R1 and R2 to minimize error due to l b * R. This might lead you to use 
large capacitors, which are more expensive. 



The real problem is that at high frequencies, the input signal couples 
through R1 and C1 and forces current (potentially, several mA) into the 
op amp's output. Real op amps usually have very low Z OUT at do But at 

high frequencies, their ac Z 0UT isn't characterized. Yet if you ask any op 

amp to put out current at higher frequencies, and the gain keeps rolling 
off at 6 dB per octave, that indicates that the Z OUT is going to roll up with 

frequency like an inductor. 



It's not hopeless. There are several things you can do. 



First, select an op amp with higher input impedance and lower l b , maybe 

a CMOS op amp with lb less than 1 pA. This will let you pick higher 
values for R1 and R2. In turn, this lets you use smaller (cheaper and/or 
higher-quality) capacitors for C1 and C2. 



So if R1 was a low value (1 k) and fed a lot of current into the output at 
high frequencies, first, increase the R values by a factor of 10. This 
improves things tenfold. If you have a 1-kHz rolloff frequency, for 
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example, the capacitors could decrease from 160 nF to 16. 

Now, do it again! Go to 1 00 kQ and 1 .6 nF. The theory of the filter works 
just fine when each resistor is increased by a factor of n, and the caps 
are likewise shrunken by n — not rocket science. Now the rolloff goes 
down a lot further, and the capacitors are smaller and cheaper. 

NEXT PROBLEM 

I don't have any 1600-pF capacitors in my lab. That's a mongrel value. 
So again, we add in another scaling factor of 1 .59. We can now use 
1000-pF capacitors and 158k resistors. Those are easy to find. Thus, you 
can arbitrarily scale the capacitors and resistors, up or down, and 
maintain the same response. I usually avoid capacitors smaller than 200 
pF. 

NEXT TRICK 

Don't just take R1 as a fixed entity: Break R1 into pieces. If you had 
159k, you could break it into 9k (5%) and 150k (1%). Then from that 
juncture, throw in C3 = 0.01 or 0.0047 uf to ground. This now makes a 
three-pole rolloff. That will further roll off the frequency response of the 
filter, and it will further decrease the amount of current fed into the output 
via R1 and C1 . This added R-C will add even further to the rolloff and 
high-frequency attenuation, if you want a lot of that. 

NOTE 

If you're using LM324s because they're cheap and because you have 1/4 
LM324 just sitting around, consider that the LM324, because of its class- 
B output stage, is one of the worst op amps for a Sallen-Key filter. That's 
because its output impedance is potentially soft. 

To minimize this problem, connect a suitable pull-down on the output to 
one of the rails, perhaps 15k to ?V S (or in some cases to +V S ). This can 

cut down on the amount of "feedthrough" by making V 0UT stiffer. We 

have many other amplifiers, and all of them work better than the LM324. 
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Which op amps have inherently lower Z 0UT , and thus tolerate current fed 
in through R1 and C1? The NSC Webench site at 

http://web e nch. national, com / appinfo/webench /f ilters/design requirements, cy, 
does a surprisingly good job of predicting how much the Z OUT will hurt, 

so it's worth a try. 

However, it won't let you substitute in different values for the Rs and Cs, 
and it won't let you break up R1 into two pieces or add C3. You'll have to 
model that in Spice (which I don't recommend) or make a breadboard 
(which I do recommend). 
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Tektronix: download your free 20 page Fundamentals of Timing Analysis Primer 

Learn tips and tricks to apply at each stage of your design development for a more streamlined validation and debug process. This free 
Analysis Primer highlights important timing analysis issues, their causes, and ways to efficiently confront them. 

Online access to 3 LXI instruments - LIVE 

Visit Agilent's "LXI LIVE Web Demo" site and explore 3 instruments and more. 
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Keithley's line of RF test instruments includes the Model 2910 RF Vector Signal Generator, Model 2810 RF Vector Signal Analyzer, and 
Portable RF Power Meter. These products are compact, easy to use, and save customers time, money and effort - 

Lantronix Wireless Design Contest 

Design engineers - You could win $6,000 or more in our Wireless Design Contest! Using our WiPort™ wireless Device Server™ - wirele 
your product and you could be part of the nearly $20,000 in prizes! 

Feel like the microcontrollers you're using are limiting? 

Need more performance and flexibility for your next application? Our AVR microcontrollers are here to help! Click here to receive the AV 
guide. 

Signal Integrity Special 

Agilent Technologies is proud to bring technical experts "Bogatin Enterprises" and "Teraspeed Consulting Group" for a complimentary s( 
September 2006. 

DigiKey.com - Unparalleled Service 

Access more than 400,000 parts from over 300 vendors. 

Electronic Design Ebooks from National Semiconductor, Arrow, Keithley and more! 

Download a free Ebook from our library and stay up-to-date on current trends and technologies. Technical resources are compiled by El' 
Design and available for immediate download to your PC. 

Sponsored Links 
x86 Embedded uControllers 

ADC/DAC, motion, LCD, I/O, Ethernet Low-Cost, Flexible, C/C++ Program 

www.tern.com 

Advantech 

Complete Embedded Solutions SBC's, PCI Express, Fanless PC 

www.advanlech.com/applied 

Xilinx Technical Seminars 

Virtex-5, Power PC, FPGA, CPLD ISE, MicroBlaze, FPGA, VHDL and DSP 

www.nuhorizons.com 

Embedded Systems Design 

Design, simulate, and deploy embedded systems with Simulink?. 

www.mathworks.com 
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